Innovation in manufacturing
Manufacturing was forged in the fires of the industrial revolution in the late eighteenth century [1] . Spreading rapidly from Britain to Europe, North America and beyond, it drove the creation of wealth in those regions. In the early twentieth century, Henry Ford's innovative use of the assembly line in the automotive industry helped trigger the widespread adoption of mass production, which in turn led to a lower cost of production for many manufactured goods [2] . Products that were previously the preserve of the wealthy became accessible to the less well-offs and so demand for them grew. In this way, the cost of manufacturing products became a focus of competition for many manufacturers.
A report from the National Association of Manufacturers [3] in the USA claimed that more than three-quarters of global trade was in the form of manufactured goods in 2005. Manufacturing continues to play a significant role in the economic prosperity of Western economies [4] . However, the high labour costs in developed countries have encouraged a migration of manufacturing production to lower wage economies. This process has been supported by lower transport costs, the reduction or removal of trade tariffs and developments in communication technologies. In order to address this challenge, governments of developed countries have advocated a shift towards the development of high-value added products.
During the last few decades, manufacturing industry has reduced its influence on most Western countries' GDP. Specifically in the UK, manufacturing industry employs approximately 2.6 million people and accounted for 10% of the UK GDP in 2014 [5] . In the last decade, manufacturing industry has underperformed and suffered a significant decline during the 2008/09 recession. After a short period of growth, it declined again in early 2012. More recently, however, economic data suggests that manufacturing industry is showing significant signs of strengthening and growing, both in the UK and globally. Manufacturing dominates UK Research and Development (R&D) spending. In 2012, R&D spending in manufacturing accounts for 72% of total R&D funding within the UK [6] .
Commercial organisations have sought to increase profits by investing resources in both the creation of new products and discovering new methods of manufacturing and delivering existing products. Such developments may be referred to as 'innovations' [7] . The Department of Trade and Industry [8] in the UK published a strategy document for UK manufacturing which identifies innovation as one of the seven 'pillars' required to build a successful manufacturing industry.
A benchmarking study of firms in the USA from 2003 conducted by American Productivity and Control, reported that in the proceeding 3 years, new products had accounted for an average of almost 28% of sales [9] . Innovation and new products have emerged as a focus of competition for businesses [10] . Furthermore, the process of product development is considered to be a 'critical' factor for the manufacturing businesses that aspire to prosper in the competitive markets.
Emergence of global product development
Merely engaging in the development of a new product is no guarantee that the project will be successful. New product development (NPD) projects are effectively complex business processes involving individuals from different functions, which will typically include design, testing, manufacturing and marketing [11] . For some years scholars have maintained that project failures are in part caused by the lack of a systematic approach to these complex projects and have encouraged the use of formal process models to support managerial decision-making [12] . Effectively, these systems serve as methodologies for the application of managerial rigour and discipline to the innovation process. Cooper [13] defined the formal NPD process as 'a formal blueprint, roadmap template or thought process for driving a new product from the idea stage through to market launch and beyond'.
A commonly used model is the cross-functional stage-gate model which Griffin [14] indicated is employed by almost 60% of firms in the USA. This model divides the NPD process into discrete stages, each of which is followed by a review gate. Each stage can be broken down into a collection of predefined, cross-functional and concurrent tasks, which are executed by cross-functional teams. The importance of such a formal process model and its connection to best practice is well established. Fredericks [15] showed that crossfunctional involvement in product development is dependent on a collective understanding of the tasks required at different phases of the NPD process. Chandrasegaran et al. [16] have investigated the evolution and main challenges with respect to knowledge representation in product design systems, which is a critical issue when speaking of NPD.
Furthermore, recent decades have witnessed the emergence of the global product development (GPD) phenomenon. They characterised global product development team members as being geographically dispersed, speaking different languages and originating from different cultural backgrounds. This differentiates them from co-located teams who work in a single locale, such as region of a country or city, and share a common language. Eppinger and Chitkara [17] stressed that the use of global resources is not, as in previous years, to exploit low labour costs, but rather to exploit globally distributed NPD expertise that cannot be obtained in one locale in order to achieve growth and innovation. McDonough et al. [18] warned that global product development teams will become more prevalent, and therefore, research is required to develop methods of obtaining levels of performance from GPD teams that match those already available from their co-located counterparts.
The interactions between the different teams are crucial for any project to succeed. Getting communication right between the different NPD teams and re-using the knowledge that already exists within a company can determine whether a new product is launched on time and on budget. Recreating and recollecting the same knowledge for different projects is both costly and time consuming, which shows the importance of capturing and sharing pre-existing knowledge already available among employees, so that further knowledge can be built upon it, which constitutes innovation. Frost [19] provided a list of the symptoms of the failure including inadequate management support, problems with organisational culture, and lack of responsibility and ownership inter alia. From the literature and the investigation findings, there is clear evidence that industry sees potential and value in creating knowledge management (KM) systems. But insufficient attention is given to it and it is sometimes treated as an afterthought.
Knowledge management
During the mid-1980s, Porter and Millar [20] ventured the idea that information could be used to achieve a competitive advantage. By the 1990s, academics posited that knowledge, rather than capital, would become the main source of wealth in the new economy [21] and it would seem that this transition is indeed taking place. Stewart [22] claimed that information represented three quarters of value added in manufacturing. Nonaka [23] opined that successful companies would be those that are able to create and disseminate knowledge rapidly and then transfer this knowledge into their new products. These ideas have contributed to an increasing interest in knowledge management.
Knowledge is regarded as the key to innovation, and in order to remain competitive in today's engineering world, it is a crucial asset for organisations that enables them to gain a sustainable competitive edge on their competitors [24] . Improving and creating new ways for how knowledge is captured and shared among NPD engineering teams will determine if companies can capitalise on this valuable, readily available resource. Definitions of knowledge management are many. Ngai and Chan [25] defined knowledge management as follows: 'knowledge management refers to the set process or practice of developing in an organisation the ability to create, capture, evaluate and matrix, store and index, maintain and disseminate the organisation's knowledge'. Some additional definitions and elements could be found in the document proposed by Perry and Bernard [26] .
Knowledge management is a discipline that promotes an integrated approach to identifying, capturing, evaluating, retrieving, maintaining and sharing all of an enterprise's information assets. These assets may include databases, documents, policies, procedures, and previously uncaptured expertise and experience from individual workers [27] . Over the years, various KM systems have been developed and have taken many forms, such as purpose-built databases, data capture and workflow solutions, social analytics and engagement solutions or content life cycle management systems, which are all described as process driven solutions.
Knowledge sharing
Knowledge sharing as the dissemination of information and knowledge within a community is considered to play a crucial role in knowledge management ventures within the organisation. Effective knowledge sharing drives organisational and individual learning, which in turn speeds up and improves the quality of product innovation. It has been shown, through the literature available, that knowledge sharing provides individuals, teams and organisations with the opportunity to improve their work performance as well as creating new ideas and innovations [28] . This clearly indicates that sharing knowledge is primarily a social, interactive and complex process that involves both tacit and explicit knowledge [29] .
As already alluded to, new products have become a focus of competition for many manufacturers, and the product development process has become increasingly important to these businesses. Manufacturers are seeking to compete on issues like product quality and the time taken to introduce new products to the market. Such pressures have made the effective sharing of knowledge in the NPD process into a means of achieving a competitive advantage. Consequently, great attention has been focused on the application of knowledge management to new product development. Nonetheless, relatively little heed has been paid to knowledge sharing in the NPD domain [30] .
The sharing of knowledge among individuals in an organisation is confounded by an abundance of obstacles. Obstacles to knowledge sharing common to large enterprises, or more specifically, large multinational companies, may concern the individuals working in the organisation or the environment in which these individuals function. For product development teams executing complex cross-functional product development business process, it may reasonably be asserted that further knowledge sharing obstacles will be encountered. Such obstacles have been shown to be detrimental to product development performance. The gaps in shared knowledge could be directly responsible for costly mistakes made in the course of the product development process. Project teams working with high levels of shared knowledge in customers, suppliers and internal capabilities were significantly higher in their process performance outcomes than those teams with low levels of shared knowledge. It is asserted then that it is desirable to eliminate or reduce the impact of obstacles to knowledge sharing in a product development environment. Generally, knowledge lifecycle management [31] has to be considered in order to favour efficient knowledge sharing within companies, and in particular project teams.
Bradfield and Gao [32] presented an exploratory case study conducted at a multinational physical goods manufacturer. This investigation uncovered main barriers to knowledge sharing such as the lack of an explicit definition of the knowledge used and generated in the product development process, and the absence of mechanisms to make this information accessible in a multilingual environment and to disseminate it to NPD project team members. They have developed a prototype method and tool to facilitate knowledge sharing that addresses the identified knowledge sharing barriers. An ontology has been developed that formally defines information about this knowledge and allows it to be captured in a knowledge acquisition tool, thereby creating a knowledge base. A mechanism is provided to permit language labels to be attached to concepts and relations in the ontology, making it accessible to speakers of different languages. A dissemination tool allows the ontology and knowledge base to be viewed via a web browser client.
Zammit et al. [33] carried out an extensive industrial investigation to bring out real industrial requirements in the product development and testing context, and developed methodologies to capture and share testing related knowledge to address the special nature and application context of the integrated global product development and testing operations of multinational companies. They have explored the capabilities of the fast developing social media tools in facilitating the capture and sharing of employee knowledge, especially tacit and unstructured knowledge, and addressing the social aspects of knowledge management. They also explored the benefit of using a knowledge framework that is directly driven by the knowledge users by providing both knowledge content and how it is structured, rather than relying on the role of knowledge administrators. The developed methodology with social media, video sharing and storytelling techniques could substantially enhance and extend the capabilities of traditional engineering information management tools, by providing the ability to quickly browse and absorb user-contributed testing knowledge, like lessons learned, suggested product improvement or process training material, and identify specific knowledge experts within a global organisation.
Dynamics of knowledge
Dynamic KM is a convergence of people and machines working together in harmony to achieve profitable income for the company. Dynamic KM systems aim to support organisational learning so that better informed decisions can be made. With Dynamic KM people will be rewarded for achieved performance metrics that improve the organisation's position in the market place. Nonaka [34] theorised a dynamic spiral to create organisational knowledge depending on the direction of flow of information between people (informal/ tacit) and multimedia (formal/explicit). It would be wrong to assume that simply by reading, writing, watching, recording, listening, talking about a subject means that a person has learned how to apply this knowledge to a real situation to achieve real results. Choi and Lee [35] have defined the dynamic KM style in their empirical investigation. The 'Dynamic' KM style overcomes the drawbacks of using the 'People-orientated' or 'System-orientated' style alone.
However, so far, the dynamic style of KM has rarely been applied to product development. Since product development is about producing something that can be sold, dynamic KM should therefore be closely linked to performance so that people can profit from the value of knowledge [30, 36, 37] , and include both technological and cultural factors, to give the highest yield to a company compared to other KM styles. The current popular processes for personal and product continuous improvement include the Performance Development Review, the Product Lifecycle Management process and the Plan-Do-Check-Act ethos. All of the above involve regular face-to-face (F2F) meetings. Therefore, F2F meeting discussion may provide an opportunity to identify who within an organisation uses knowledge to shape the successful development of a product.
Piorkowski et al. [38] proposed a generic dynamic KM framework and developed a prototype F2F meeting capture and indexing tool to be used as part of the dynamic KM framework in the high-value manufacturing industry. The tool was evaluated in a large corporate and a small non-profit making organisation and was successful for both a group stakeholder meeting and also for individual employee profile interviews. A remarkable finding is that the use of video with the F2F interview questions worked very well for employee personal reflective analysis.
Product manufacturers are extending their responsibilities in the whole life cycle by providing services to their customers. In recent years, product service system has become an important research topic to address the special requirements in the new service-driven business model. Wan et al. [39] investigated the various relationships between different stakeholders in high-value machine tools' lifecycle, focusing on knowledge management, communication and the decisionmaking processes. Their research explored the potential application of advanced content management systems, which are widely implemented in the financial, business and government organisations, in the manufacturing engineering domain which has been dominated by traditional engineering information systems. A prototype collaborative maintenance planning system was developed and evaluated which indicated that significant improvement could be achieved and the content management technology has a number of advantages over the traditional engineering information systems, in managing machine tool maintenance and service information including dynamic and unstructured knowledge.
In dealing with dynamic information such as on-line machine tool performance and in-process inspection of machined parts related to machine tool maintenance, Li et al. [40, 41] reported pioneering investigation and experimental work in on-line monitoring and inspection system based on a new dynamic feature concept (as opposed to traditional static geometry-based feature definition) for modelling the dynamic real-life information to achieve timely and responsive machining control. In their dynamic feature model, the relationships between the interim states of a part (workpiece-in-progress) and associated machining characteristics and knowledge have been investigated and dynamic information linked to different interim features have been modelled and integrated. For machining large-scale freeform surfaces of aerospace structural parts, Li et al. [42] divided the surface into sub-surfaces with respect to changing requirements and the dynamic machining situation, and proposed an innovative rank-two tensor based tool path optimisation method which can significantly improve the machining efficiency of aerospace parts with large and complex freeform surfaces.
The principle of modelling dynamic feature information proposed by Li et al. has also been used in monitoring and modelling the changing status of complex large-scale aerospace structural parts during machining, and on-line adjusting numerical control parameters by the invention of an integrated flexible fixturing and responsive machining system which automatically compensates the deformation caused by stress release during the machining of large-scale aerospace parts [43, 44] . Previous researchers developed theories to predict residual stress, then to predict deformation, which was very inaccurate. Later improved methods used directly measured residual stress to predict deformation, which was still difficult to predicted component deformation accurately during machining. Li et al. directly measured the deformation during machining and used their invented flexible fixturing and automatic machining control mechanism, making a significant step forward in the adaptive machining control technologies for large-scale aerospace structural part manufacturing.
In real-life product development, testing and manufacturing operations, capturing, sharing and making use of on-line explicit knowledge including data and information is very important. On-line and timely updated testing information and knowledge has been achieved by Zammit et al. [45] by their developed framework with social media, video sharing and storytelling techniques which provides the ability to quickly browse and absorb user-contributed testing knowledge, like lessons learned, suggested product improvement or process training material, and identify specific knowledge experts within a global organisation.
Evans et al. [46] reported on an investigative study conducted within a leading aerospace and defence industry organisation to highlight the potential benefits offered by enterprise 2.0 technologies to facilitate employee collaboration during product development activities. Although participants demonstrated a high degree of familiarity with current social media sites and web 2.0 tools, the research suggested that little use is being made of them within the organisation, with employees still relying heavily on traditional means of communication for project collaboration. They proposed and developed a framework to facilitate collaborative knowledge sharing in dispersed aerospace product development, which was applied to the bespoke BAE Systems' engineering lifecycle process with results indicating that Enterprise 2.0 technologies with social media functions offer a more openly innovative environment in which employees may share and receive dynamic knowledge more easily across geographical and functional boundaries.
Summary
In the authors' previous research experience, and from the literature reviewed and company sponsored research projects carried out, knowledge sharing is regarded by most manufacturing companies as one of the most important issues in knowledge management, for improving efficiency, quality and time to market in new product development. Recent development and fast expanding of social media and Enterprise 2 technologies in non-manufacturing applications have attracted significant interest from traditional engineering industry, including the more conservative defence and aerospace manufacturing enterprises. The other trend is how to deal with the dynamic real-life information, knowledge and communication in manufacturing. Some recent research in this aspect has been introduced in this paper, including the authors' own work. A lot more research and development effort is needed in the future to improve knowledge sharing in new product development to also include technologies such as Internet of Things (IoT) and cyber-physical systems.
